As an important factor of the adult component of selection, mating behaviour was studied in Drosophila melanogaster, with emphasis on non-virgin females. We found that 30-50 per cent of the females in a laboratory population will remate within 6 h of first mating under no-choice conditions. This high percentage of early rematings was not due to the continuous confinement of the females with males but indicated a rapid return of receptivity of a significant proportion of the females. Remating behaviour was significantly influenced by both the genotype of the female and the genotype of her two successive partners. Age of females was only important insofar as it concerned young, 1 or 2-day old, females. These females showed less remating than older females. Willingness to remate was also affected by the number of sperm stored. Females that had been inseminated by less fertile males, i.e. males that had already mated two or three times, showed higher remating percentages than females inseminated by more fertile males. Notwithstanding this sperm effect, females were estimated to remate approximately every second day. It is suggested that a high frequency of remating and the resulting sperm competition are significant components of Drosophila life-history.
Introduction
The adult component of selection is, besides viability selection in the larval stage, an important component of selection in Drosophila species (Prout, 1971a,b; Bundgaard & Christiansen, 1972; Bijisma-Meeles & Bijlsma, 1988) . In particular, components related to mating and fertility can be significant with respect to the maintenance of polymorphisms (Hedrick & Murray, 1983 ).
An important aspect in this context is that D.
melanogaster females may mate more than once during their lifetime. Multiple mating of females is common in insects. Insect females often have organs specialized for sperm storage (Parker, 1970) . In D. melanogaster, remating of females which have sperm from previous matings left in storage, results in sperm competition and most often sperm from the last male take precedence over those of previous male(s) and preferentially fertilize subsequent eggs (Prout & Bundgaard, 1977) . This process of sperm displacement generally leads to *Correspondence 269 sperm loss of the previous male(s). This loss increases considerably as the number of sperm of prior mating(s) in storage increases, and when the time lapse between two successive matings becomes shorter (Prout & Bundgaard, 1977; Scott & Richmond, 1990) . The consequences of remating, therefore, depend highly upon how frequently females remate. The objective of this paper is to evaluate the opportunity for sperm competition to occur by studying remating, in particular early rematings (rematings that occur within a few hours after a previous mating), and some factors that may affect the frequency of remating.
Some laboratory studies have reported that females become very reluctant to remate after a successful copulation (Manning, 1962; Gromko et al., 1984; Letsinger & Gromko, 1985; Pyle & Gromko, 1981) . These authors postulated two mechanisms that prevent an already inseminated female from remating: a shortlasting copulation effect and a long-lasting sperm effect. Unreceptivity due to the copulation effect persists for about one day and may be a response to both the act of copulation itself and to components of the seminal fluids transferred from males to females during copulation (Chen, 1984; Scott, 1987) . Of these substances in the seminal fluid, a specific sex-peptide seems to be responsible for both induction of unreceptivity in females, as well as for stimulation of oviposition in D. metanogaster (Chen, 1984; Chen et at., 1988) . The basis for the sperm effect is the amount of sperm that a female has stored. When this amount is still above a certain threshold level the female will not remate. Gromko and coworkers have estimated that under natural conditions females will mate every 4th or 5th day, after the sperm of the previous mating has been depleted by more than 80 per cent. They argue therefore, that competition between sperm of different males for fertilization of eggs cannot be an important selective force.
Gromko and coworkers used an experimental approach in which the females only had access to males for 2 hours every day, because they suggested that this approach is more representative of mating behaviour of D. melanogaster in the field (but see discussion in Harsham et at., 1988) . When females have access to males continuously for 24 h, however, remating frequencies of 40-80 per cent have been observed (Prout & Bundgaard, 1977; indicating that the sperm effect may not be strong enough to prevent the occurrence of significant levels of sperm competition. Moreover, Fukui & Gromko (1989) showed that females taken from natural populations show a less pronounced sperm effect and are willing to remate more readily after their first mating than females from laboratory strains. These latter observations agree well with the high incidence of multiple inseminations (25-60 per cent of wild-caught females have been estimated to produce offspring of at least two different males), that has been observed in natural populations of D. metanogaster (e.g. Milkman & Zeitler, 1974; Griffith et at., 1982; Marks et at., 1988) suggesting that females often remate and maintain a high level of sperm in storage possibly to maximize their life-time-progeny production. The copulation effect also may be less effective than thought. Some authors (Fuerst et at., 1973; Bundgaard & Christiansen, 1972) observed that some females (about 10-25 per cent) already remate within a few hours of the first mating. Scott (1987) During experiments offshoots of these strains were maintained in five half pint bottles per strain and the flies were regularly (1-5 times a week) transferred to new bottles for egg laying to ease virgin collecting. To avoid divergence between the bottles, within each strain flies from the five bottles were from time to time mixed.
All strains were reared on standard food (Bijlsma & Van Delden, 1977) at 25°C, 40-60 per cent r.h. and under a light/dark cycle of 16/8 h. Experiments were carried out at the same regime on standard food to which 100 mg 1' streptomycin was added to prevent excessive bacterial growth. All flies used were collected as virgins, within 6 h of eclosion, without anaesthesia. Flies used in the experiments were 4-6 days old, unless stated otherwise.
Influences of genotype on mating and remating A male (male-i) and a female were brought together in a vial and given 50 mm to start copulation. Iminediately after termination of the copulation the male was discarded and the female was provided with a new virgin male (male-2). This pair was then observed at 10-mm intervals to see whether copulation occurred, for up to 6 h. In this way females of all three strains were provided with two successive males of their own strain. Furthermore, to test whether or not strain differences affected the remating activity of females for the strains Bogota and G83, all eight possible combinations of females and the two consecutive males were tested.
Additionally, for Bogota females only, the experiment was repeated in a slightly different way. In this case the female was not provided with the second male directly after termination of the first copulation but was kept isolated for 3 h. After this period male-2 was introduced and the vials were observed for remating for the next 3 h.
All mating experiments were initially started with 80-120 pairs of flies for each combination. Depending on the number that actually mated, remating tests were done with 50-100 pairs per combination.
Influence of some intrinsic factors on remating Female reluctance. It is conceivable that the remating activity of a female depends on an intrinsically fixed level of mating reluctance and that females that are reluctant to mate for their first time, when still virgins, are also reluctant to remate. This was tested for the 087 strain only. Single pairs were allowed to mate for 1 h and the copulation latency time (CLT 1, the time lapse between introduction of the male-i and the beginning of the copulation) was recorded. After the first copulation was terminated, male-2 was introduced and for this male CLT2 was recorded, for up to 6 h.
Age. To examine the effect of age of flies on remating activity, three different experimental designs were used:
(i) Females were aged as virgins for the necessary number of days and then provided consecutively with two 4 or 5-day-old males of the same strain and monitored for remating with the second male for a period up to 6 h. This was done for Bogota females (aged 1-7 days) and 083 females (aged 1-10 days).
(ii) Three virgin females and three males were placed in a vial within 1 h of eclosion. This was done for 10 consecutive days and in this way a series of 20-25 vials was obtained containing three pairs of flies that were housed together for 0-10 days, giving them ample opportunity to mate and remate. Consequently the flies were 0-10 days old, and within each vial all flies were the same age. On the next day, day ii, all vials were observed for matings during the whole 16-h-light period. This experiment was done twice, for the strain G83.
(iii) To separate the effect of the difference in age from the difference in the length of the period the flies were able to mate, the experiment was modified such that all flies observed were the same age. They were all collected on the starting day of the experiment, but kept separated for 0-10 days thereafter. Each day a series of vials was prepared that contained three pairs of flies, as described above. In this way a series of vials was obtained that contained flies that differed only in the period that they were given the opportunity to (re)mate but not in age. On the 10th day of the experiment observations as described above were made. In addition, on this day also a series of vials was prepared containing virgin flies. After an initial period of mating activity this series was monitored for remating. This experiment was done once for the 083 strain only.
Mating histoiy of the male. Single 5-day-old 083 males were allowed to mate with four 083 females of the same age consecutively. In this way four different types of females that received sperm from males with a different mating history were created: type-i females were mated to virgin males, type-2 females to males that had previously mated once, etc. Twenty complete series of four females mated consecutively to the same male were allowed to lay eggs and their total number of progeny was counted.
Another group of females, representing the same four types, but not necessarily inseminated by the same male, was given the opportunity to remate with a 5-day-old virgin male for 1 h 5 days after the initial copulation. For each female type the remating percentage was established. For comparison the mating percentage of virgin 10-day-old females to virgin 5-day-old males was also measured.
Results

Genotype differences
Females from all three strains showed high percentages of remating (30-50 per cent) with males of the same strain within 6 h of their first mating (Fig. 1) . The total remating percentage after 6 h was significantly higher for the strain Bogota than for the strain 087 (contingency x22; d.f.= 1; P<0.05), while the total remating percentage of the strain 083 was in between the other two strains and did not differ significantly from either of them (P> 0.05).
The steady increase in the number of rematings during the 6-h observation period as shown in Fig. 1 may be either due to the fact that in the course of time more and more females become receptive again after their first mating or due to the continuous sexual 'harassment' by the males from which the females cannot escape in the vials. Figure 2 shows that, when the females were not combined with the second male directly after the first mating (broken lines) but kept separate for 3 h after this mating (solid lines) the cumulative number of rematings increases significantly faster. The group of females that did not get the opportunity to remate during the first 3 h reached around 40 per cent of remating within 2 h after the second male was provided, while it took the other females 4-5 h to reach this level. This indicates that the return of receptivity is not (solely) due to the prolonged attendance of persistent males but that it is actually due to an intrinsic change in the females.
When combined with different sequences of the two consecutive males, Bogota and 083 females did not differ significantly in remating performance. Averaged over the different male combinations, 52.1 per cent of the G83 females had remated after 6 h and of the Bogota females 51.0 per cent (Table 1) . However, within the strain Bogota there were significant differ- Effect of some intrinsic factors Female reluctance. No significant differences in remating activity due to possible differences in intrinsic reluctance levels of the females were observed. Both fast-mating females (n = 72) that mated within the first 30 mm after the male was introduced in the vial and slow-mating females (n = 36) that mated in the second 30 mm of the experiment showed about 30 per cent remating. The observed difference was not significant (P> 0.05). Also no significant correlation between the latency times of first and second mating were observed (Spearman rank correlation test, r = -0.20, P> 0.05). Females of all ages were mated to males 4-5 days old.
Age. Figure 3 shows that virgin females mated readily when they were combined with a 4-5-day-old virgin male, except when the females were 1 day old. Only 30-40 per cent of these females mated within the 50-mm observation period. Additionally, the 2-3-day-old females showed a somewhat, but not significantly, lower mating percentage than the older females of which around 80 per cent mated within the observation period. Remating of females seems to be influenced by age in a similar way (Fig. 3) . Very young flies showed low levels of remating within 6 h of copulation (e.g. 10 per cent for 1-day-old flies). Remating percentages of 3 day-old and older females showed fluctuations between 20 and 40 per cent for the G83 females, while the Bogota females showed levels of remating up to 50 per cent for 3-5-day-old individuals. This higher level of rematiiig of Bogota females compared to G83 females agreed well with the difference observed in Fig. 1 . during the first few days, the number of (re)matings seemed fairly constant and not dependent on age and housing period within each of the two replicated tests.
The two replications showed a somewhat different level of remating, but no consistent correlation between the age of the flies and the level of remating was found in either (Spearman Rank correlation test: r,= -0.39, P>0.05 and ,y=O.35, P>0.05 forexperiment 1 and 2, respectively). The period that the three pairs of flies had been housed together in one vial ( Mating history of the male. Table 2 shows the progeny numbers and remating percentages of the different female types. Females mated to virgin males or to males that had mated only once before (type-i and type-2 females, respectively) produced significantly higher numbers of offspring than females of type-3 and type-4. Females of type-4, which were mated to males that already had performed three matings in short succession before their fourth mating, showed a particularly marked reduction in offspring of almost 50 per cent compared to females of type-i and type-2. This indicates that females of type-3 and type-4 have had lower fertilization levels, as expected, due to lower amounts of, or less effective, sperm transferred to them than females of type-i and type-2. 
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In remating tests, females of type-i and type-2 were more reluctant to remate than females of type-3 and type-4, but still showed remating percentages around 40 per cent within 1 h. This was, however, significantly lower than the remating percentages found for females of type-3 and type-4. Females of type-4 showed the same amount of mating as virgin females of the same age, indicating that they had returned to full receptivity.
Conclusions and discussion
Remating patterns (Figs 1 and 2 ) of all strains showed similar characteristics. Directly after copulation, remating percentages were low but increased rapidly 1-4 h after copulation up to 30-50 per cent, depending on the strain. Thereafter this increase levelled off. An analysis of the pattern with statistics designed for truncated samples (Bliss, 1967; Dow, 1978) indicated that longer observation times would not have given significantly higher remating levels than those recorded after 6 h. The observed high remating percentages are in line with results obtained by Scott (1987) , who found that 15-30 per cent of the females remated between 4 and 5 h after the first copulation and 30-40 per cent between 6 and 7 h. Scott (1987) has shown that within the 6-h period after mating the presence of sperm stored in the female does not cause a decrease in receptivity beyond that due to the act of copulation and the transfer of seminal fluid only. The sharp decrease in receptivity of the females should therefore be explained in terms of the copulation effect. The return to receptivity might possibly be governed by some of the substances (e.g. esterase-6) present in the seminal fluid of the male, which are transferred to the reproductive tract of the female and can be found in the haemolymph within a few hours of copulation (Richmond & Senior, 1981; Meikle etal., 1990) . But courtship-inhibiting pheromones that are transferred from males to females during copulation and that gradually decrease in concentration thereafter may also play a role (Scott & Jackson, 1988) . The onset of oviposition in D. inelanogaster falls between 4 and 6 h after mating (Scott & Richmond, 1990 ) and this may be (partly) responsible for the decrease in remating activity during this period as it decreases receptivity in many insect species (Giebultowicz etal., 1990 ).
In our remating experiments females were continuously confined with males and, without the possibility for the females to decamp, this procedure may lead to unusually high remating frequencies . However, we did not observe a difference in the final remating frequencies whether females were confined with males directly after the first copulation or kept isolated during the first 3 h (Fig. 2) . This indicates that the increase in receptiveness of females to remating is the result of an intrinsic process and not 'forced' by the presence of the males. Furthermore, Partridge et at. (1987) observed that decamping by D. melanogaster females is not the main cause for termination of courtship in the field. We think, therefore, that the observed high remating frequencies are not the consequence of the experimental procedure and that a significant proportion of the females may remate within a few hours of a prior mating.
Remating frequencies seem not to be affected by age of the females except when they are young (1-2 days old; Fig. 3 ). These young females in general appear reluctant to mate because both the frequency of first matings and of rematings are lower at this age. This apparent correlation between reluctance of females and remating activity, however, was not observed for older females, aged 4-6 days.
The frequency of early rematings is clearly strain dependent (Figs 1 and 2 ) and is also affected by the genotype of the males involved (Table 1) . G83 males seemed better competitors than Bogota males. They were both more successful in mating with non-virgin females and in restraining females mated to them from remating with another male. We did not find significant differences in body size, fertility or male-male competition between the strains that could explain the observed differences. Eastwood & Burnet (1977) have shown that males may differ genetically in their readiness to court non-virgin females. This may explain the difference in ability to induce females to remate but seems not to account for the difference observed in remating frequencies of the females mated to them. The latter is more likely caused by differences in the amount or quality of the seminal fluid transferred during copulation. Furthermore, differences between the females might also be important in this respect.
According to Scott (1987) the sperm effect becomes evident 8-12 h after mating, causing complete unreceptivity of females thereafter. Return to receptivity occurs again when sperm becomes depleted and the amount of sperm in storage decreases below a threshold level . Our experiment on the mating history of the males seems to confirm these findings. Females that were inseminated by males that already had spent most of their sperm in prior matings were the most willing to remate. These females also produced fewer progeny than females inseminated by males that had not mated previously. Obviously, the first group of females suffered from sperm depletion and therefore was more receptive. A similar result was observed by Markov et a!. (1978) , who showed that male fertility was significantly reduced at the third consecutive mating. The data presented in Fig. 4 seem to contradict this effect. In these experiments one would expect an increase in the number of rematings when the time interval that the flies were housed together increases, due to the depletion of the number of sperm stored after the initial matings. However, the number of rematings seems to be fairly constant; at least, there is no consistent positive relation between remating percentage and time after the initial mating. Furthermore, the level of remating within 1 h after introduction of a virgin male is the same in females that are isolated for 3 h (Fig. 2) it can be deduced that females will remate approximately every 2-3 days. This number is probably an underestimation because we only recorded the rematings that occurred during the light period. Some limited observations during the dark period indicated that females also remate during the dark period. We estimate, therefore, that females probably mate once every day or second day. This estimate agrees with the data given by Bellen & Kiger (1987) who continuously observed vials with three males and one female for 1 week. They found that Canton-S females in this situation mated every 22-24 h. In natural populations remating might also be frequent. Marks et a!. (1988) estimated by different methods the frequency of multiple inseminations in two distinct habitats outside and inside a winery building (flies were not resident inside the winery but accumulated there during daytime). In contrast to the outside females, females inside the winery revealed a high frequency of multiple inseminations (12 vs. 65 per cent), and Marks et al. (1988) infer that perhaps the greater number of these females had remated within the last 12 h.
Notwithstanding the existence of both copulation and sperm effects, our results indicate that these mechanisms are not sufficient to prevent substantial levels of remating. These levels, however, are significantly higher than those reported by Gromko and coworkers Letsinger & Gromko, 1985; Pyle & Gromko, 1981) . Given the results of the early remating experiment, this difference seems not to be explained by the continuous confinement procedure we used. Moreover Fukui & Gromko (1989) recently reported similar levels of remating for freshly caught females. The finding that females remate often is more in line with the high number of multiple inseminations found in natural populations (e.g. Milkman & Zeitler, 1974; Marks et al., 1988) . This higher frequency of remating implies that females will remate when they still have a considerable amount of sperm of previous matings in storage and consequently increased sperm competition will result (Prout & Bundgaard, 1977; Fukui & Gromko, 1989; Scott & Richmond, 1990 ).
Therefore we conclude that remating, and the resulting sperm competition, are not marginal processes but significant components of Drosophila life-history.
